Accurate prediction of which patient will progress from a sub-clinical Mycobacterium tuberculosis infection to active tuberculosis represents an elusive, yet critical, clinical research objective. From the individual perspective, progression can be considered to be the product of a series of unfortunate events or even a run of bad luck. Here, we identify the subtle physiological relationships that can influence the odds of progression to active TB and how this progression may reflect directed dysbiosis in a number of interrelated systems. Most infected individuals who progress to disease have apparently good immune responses, but these responses are, at times, compromised by either local or systemic environmental factors. Obvious disease promoting processes, such as tissue-damaging granulomata, usually manifest in the lung, but illness is systemic. This apparent dichotomy between local and systemic reflects a clear need to define the factors that promote progression to active disease within the context of the body as a physiological whole. We discuss aspects of the host environment that can impact expression of immunity, including the microbiome, glucocorticoid-mediated regulation, catecholamines and interaction between the gut, liver and lung. We suggest the importance of integrating precision medicine into our analyses of experimental outcomes such that apparently conflicting results are not contentious, but rather reflect the impact of these subtle relationships with our environment and microbiota.
THE GAMBLER'S BURDEN
Immunity to Mycobacterium tuberculosis (Mtb) could be considered to be something akin to immunological roulette, whereby infection, establishment of latent pulmonary infection and, for an unlucky few, progression to disease are determined by both well-understood immunological mechanisms and more subtle influences, whose inconsistent impacts can vary between studies and laboratory experiments. From the single patient's perspective, however, progression from latent infection to active disease in the absence of primary immunological dysfunction could be seen to be a run of bad luck. Individuals infected latently have entered into a contest with Mtb akin to that of a casual gambler playing roulette. As is often the case for the casual gambler, they may never win big (i.e., clear their infection) nor 'lose their shirt' (i.e., suffer progression to active disease), but without knowing the house rules, they cannot improve their odds of a favorable outcome.
A lucky few are able to eliminate bacteria during primary infection, analogous to the luckiest spin of the wheel combined with a high-pay-out wager. Others may, however, succumb to a run of bad luck, or imprudent wagers, resulting in increasingly severe losses, i.e., an individual pulmonary lesion may become active after a period of quiescence, and this may signal that the odds are now tipped in favor of the disease. The risk of progression occurring in a given patient is likely impacted by intrinsic and extrinsic factors that contribute to the environment within which the protective response is acting. It is these small but multiple factors that promote progression from 'casual gambling' (Latent TB Infection, LTBI) to 'losing one's shirt' (active TB) that are increasingly being identified. There is support for-and significant interest in-integrating these risk factors within a comprehensive model of TB progression. The refinement of our understanding of how these specific risk factors interact to promote progression is made more critical as the incidence of extensively and completely drug resistant TB increases. 1 
HOW THE WHEEL SPINS AND BETS ARE MADE: PRIMARY INSIGHTS ON PROGRESSION
For the seasoned gambler playing roulette, a successful longterm outcome requires a nuanced understanding of the system. The system consists of a spinning disk with numbered pockets on which a ball is counter-spun to generate randomness; the gambler wagers on several outcomes whose pay-out is commensurate with the chance of success. Similarly in TB, Mtb enters a host and the outcome (pay-out) depends upon a variety of more or less likely interactions with the host's defense mechanisms. When one aspect of the response becomes compromised, the odds are changed and the casual gambler may be on the path to losing their shirt. The role of the TB researcher is to ensure that the house rules are clear and gamblers can place their bets where they are most likely to win.
While we know several major factors that will tip the game towards disease, we need to pursue a more nuanced understanding of the less well-known or minor factors that can combine to impact expression of immunity following Mtb infection. Among the major factors, we know that HIV infection predisposes the co-infected individual to active TB 2 and while this is ameliorated by antiretroviral therapy (ART), those on ART are still more likely to progress to active TB. [3] [4] [5] There is also an increased risk of active TB in individuals with type 2 diabetes mellitus (DM), and the spread of DM into areas of high LTBI incidence has generated new urgency to define the factors underlying this increased risk. 6,7 HIV and DM can be clinically managed as discrete chronic diseases, each with its own cause, systemic effects and treatment modality; however, they share the ability to compromise the patient's expression of TB immunity. As a consequence, increasing proportions of DM-afflicted populations suffer from dysregulated metabolic pathways, and the impact of this disruption on the inflammatory outcomes of Mtb infection cannot be ignored. 8 Similarly, anti-TNF therapy for arthritis, organ transplantation, cancer chemotherapy, smoking and pulmonary comorbidities, such as COPD, are also important risk factors for TB and act directly or indirectly to limit immunity. [9] [10] [11] [12] The ability of these diverse factors to tip the balance from LTBI to active TB suggests that while immune responses may be intact in many individuals, they are unable to mediate immunity if they are compromised by environmental factors. Immunity is likely, therefore, the product of a broadly well-balanced immune response working within a healthy and well-balanced host.
In the absence of a vaccine that rapidly eliminates Mtb at the time of infection, it remains critical that we define the factors that limit immunity in exposed individuals regardless of their risk factors. In the past, we have discussed the importance of the rapid recruitment of protective T cells into the lung prior to the infected site from becoming inflamed and acting as an immunosuppressive environment. 13, 14 We are beginning to imagine a dual-component host-directed therapeutic model in which appropriately activated T-cells, i.e., the strength of antigen-specific signaling directs T cells to provide optimal macrophage killing, are mobilized to traffic into pulmonary lesions quickly while the tissue environment is modulated to favor minimal inflammation, i.e., lacking a strong neutrophilic infiltrate, where effective antimycobacterial immunity can be optimally expressed. 15, 16 While much of this model remains aspirational, the mechanistic underpinnings of this work are progressing. With such progress in understanding how host metabolic, physiological and immunological pathways are integrated, new avenues in managing TB via host directed therapy or immunotherapy are opening up. [17] [18] [19] [20] [21] Here, we identify some of the many factors that have the potential to impact immunity but remain unexplored and should be considered as we move forward in management of progression from latent to active disease using vaccination and immunotherapeutic interventions.
CHANGING THE ODDS: HOW ENVIRONMENT SKEWS PROGRESSION
Returning to our allegorical gambler, we realize that simply understanding how the game is played does not allow the gambler to win big every time. Looking further, we discover that in roulette, the odds of winning a bet are reduced by the presence of one or two green slots on the wheel, which represent outcomes where the house wins. Importantly, the presence of these 'house-advantage' slots reduces the gambler's overall odds of winning. In an analogous manner, the host's own physiology may skew the odds and reduce the capacity to control Mtb infection. In addition to appropriate T cell responses, a specific cellular environment is required for expression of antimycobacterial immunity by the infected phagocyte. If this cellular environment is compromised by an inability to recruit activatable phagocytes or by disruption of signaling between T cells and phagocytes, then despite the intact protective T cell function, the conflict between Mtb and its host is skewed toward the bacteria and development of active disease. While the preceding is a key example of how the environment acts locally to influence the development of disease, it is also the case that systemic influences are important in disease progression.
One emerging example of an environmental influence that may skew the immune response is the impact of the microbiota on our homeostatic and immune surveillance mechanisms. 22 Humans are superorganisms, 23 and as a consequence, we devote considerable energy into the selective cultivation of our microbiomes. 24 These microbiomes link the host with its environment. In the case of the intestinal flora, gut-associated lymphoid tissue and related structures (including the mucosa) provide essential feedback to maintain a balance between immunological tolerance and inflammation while supporting the diverse microbial ecosystem that is critical for digestion and the production of essential nutrients; 25 this same microbiome interacts with the host's external environment, which is sampled through oral ingestion. In this context, the gut microbiome is capable of resisting colonization by exogenous enteric pathogens while alerting the host to the presence of potential pathogens via specific interactions with toll-like receptors or through direct competition for bacterial nutrients and secretion of catabolites, such as short-chain fatty acids. 26 In a similar manner, the lung microbiota provides an immunological interface with our airborne environment to distinguish between organisms and antigens that are largely innocuous versus those with the capacity to cause infection and disease. 27 Further, the skin microbiota is part of an immunological interface and can provide surveillance within our larger physical biomes. Each of these instances are characterized by highly responsive and adaptive relationships between the host, biome, and larger environment. The host has separate but related specialized systems whose sole purposes are to sample their local interaction space (i.e., lung or gut mucosa or skin) to establish tolerance. Other related systems specialize in the surveillance of signals that are indicative of microbial infection or colonization to temporarily suppress local tolerance to drive an immune response. Thus, these interactions with the local environment are variously classified as symbiotic, commensal or neutral, where the classifications themselves are fluid; these interactions change over time and are related to microbial diversity, physical location of the microorganism and their inherent genetic capabilities. [28] [29] [30] While this dynamic commensal relationship is maintained long-term, our specifically cultivated microbiomes can and do change. 23 They develop and mature from infancy, through adolescence and into adulthood 31 and reflect the microbes in our environment, change of season, geographic location and stress on the host. Layering complexity on top of complexity, we know that drug treatment also alters the microbiome, leading to qualitative changes in markers of health. 22 Thus, one rule change that is capable of altering the odds in favor of progression from LTBI to active TB may be altering the microbiome. Further, the use of anti-Mtb drugs (as in preventive therapy) has the capacity to alter the nature of the superorganism 32 and thereby impact disease progression.
It is well known that the gut microbiome plays an important immune and metabolic function and that alterations of gut microbe communities can modulate systemic immune changes. 22, 33 The means by which the microbiota impact Mtb infection are being investigated in small animal models, and it appears that pulmonary Mtb infection alters gut microbe diversity as there is a rapid loss of microbial diversity in the gut following aerosol infection in mouse models. 34 Further, manipulating the gut microbiome in mice can impact the control of the bacterial burden in the lung and alter the immune correlates in these mice. 35 Helminth infections, while not universal, are prevalent in areas where Mtb infections are high, and again, mouse models suggest that they impact the immune response by compromising the naïve T cell pool, thereby limiting T cell mediated immunity. 36 Helminthiasis or Helicobacter pylori infection 37 are risk factors for more aggressive Mtb progression and infestation, as these parasitic or bacterial pathogens promote Mtb pathogenesis.
Gut microbes are known to influence the systemic metabolism of the host. Many of the metabolites present in the gastrointestinal tract of mammals are either directly produced by microbial flora or their concentration is modulated in a given disease state by specific microbial species; 38 of the many important examples present in the literature, one of the most directly applicable is butyrate, a short-chain fatty acid that arises from bacterial degradation of dietary fiber, whose effect on PBMCs from healthy volunteers has been associated with anti-inflammatory induction of IL-10. 39 Analysis of host biofluids, such as urine, can provide insights into gut microbe diversity. Indeed, urine metabolome analysis of TB patients suggests a change in co-metabolite abundance produced by the gut microbiome during TB disease. [40] [41] [42] It is unclear whether these changes in co-metabolites are a cause or effect of alterations of the gut metabolome during infection. However, since these co-metabolites are important correlates of microbial diversity, they offers a potentially new direction in the development of host directed therapy by targeting the gut microbiome to restore its diversity and establish beneficial immune-metabolic conditions. 43, 44 Further defining the impact of anti-TB drugs on the gut microbiome should be considered before developing such strategies.
Importantly, the gut microbiome is neither independent nor autonomous; it influences, communicates with and is impacted by the lung microbiota, a key participant in a range of pulmonary diseases, 45, 46 including TB. 34, [45] [46] [47] While the lung microbiome supports a relatively low-density community of organisms, 45 it shares a number of similarities with the gut, in that the diversity and composition of its inhabitants vary with the physiological location, i.e., the composition of upper airway microbial communities is different than that of microbial communities of the lower airways. 48 In addition, it is known that these microbial populations develop and evolve as the host matures. 49 Further, the gut and lung microbiomes are in constant communication through micro aspiration of gut flora into the lungs and through swallowing mucocilliary secretions. 50 The role of this cross-communication between the lung and gut microbiota in disease is a topic of much research in patients with cystic fibrosis, where dysbiosis of the lung and gut are clearly seen. 51 In TB, the lung microbiome could be considered to be the gatekeeper to respiratory health, 52 and manipulation of this microbiome could be seen as a tool to modulate lung immune responses and thereby alter the risk of infection, severity of disease and/or odds of progression. 53 This concept of the lung microbiota as a treatment modality is exciting and is based on a number of observations, including descriptions of how the diversity of the lung microbiome decreases during pulmonary TB and chemotherapy 32 as well as how susceptibility in murine models of tuberculosis can be modulated by alteration of their gut microbiomes. 35 Human studies are based on sputum cultures and/or genomic methods to compare TB with other pulmonary conditions; [54] [55] [56] however, the outcomes are inconsistent. 47 There are relatively few studies that investigate the pathways by which host physiology, lung (and other) microbiomes and colonizing mycobacterium interact to change the odds of progression. 32, 37, 53, 56 These ambitious studies highlight the inherent complexity of these relationships and suggest that we need new tools to identify the factors that are necessary to create a less TB-permissive environment, i.e., how do we best stack the odds in favor of our notional gambler? To address the multifactorial complexity embodied in these relationships, there are several promising analytic approaches, including multivariate linear mixed models, 57 COnstraint-Based Reconstruction and Analysis Toolbox (COBRA) 58,59 models of tissue-or context-specific metabolism [60] [61] [62] [63] or mixed microbial populations, 64, 65 and software, such as Pathway Tools (SRI, International), that can be used as frameworks for modeling community metabolism.
DOES THE GAMBLER ALWAYS LOSE?
We know that the odds are largely on the side of our allegorical gambler, in that most people who are infected do not develop disease. However, for those at risk of progression, what is the best policy? The enduring hope of many gamblers is the big win, where long odds against winning intersect with a highpay-out wager-but the odds are strongly against this outcome. Some gamblers, however, adopt a different strategy, whereby they attempt to win small using small, low risk wagers, thereby incrementally building their stake over the course of the game or, at the very least, not losing everything based on a single unlucky spin. Completing the analogy, our notional gambler has reframed his measure of success from the long-oddsagainst lucky spin combined with a high-pay-out wager to staying in the game as long as his stake holds out. By focusing neither on their bets nor spins, but instead on his funds (i.e., general health resources), the gambler can seemingly beat the odds. In a similar manner, perhaps we should reframe our question from 'how does progression from LTBI to active disease occur' to 'how do we delay progression as long as possible'? In this regard, the general health of the TB patient has been the subject of many studies since the start of the sanatorium movement at the turn of the last century. 66 Resting the body, feeding the patient, reducing stress and measuring the impact of weather on disease progression have all been part of our historic battle against TB. In pre-antibiotic studies at TB sanatoria, the combined contribution of the former was shown to extend patient life and enhance patient welfare. Acknowledging the evidence from pre-chemotherapeutic treatment of disease clearly informs our questions about how our personal environments influence our various microbial interactions and how this, in turn, impacts expression of immunity.
One area that is beginning to illuminate how the immune system supports overall physiological homeostasis is unbiased metabolic analyses of the host. Excitingly, unbiased studies, which have profiled both the cellular and humoral metabolomic aspects of the blood following vaccination, indicate metabolic that there are patterns associated with successful immune responses. 67 How then do the local and systemic metabolic activities of the host impact the immune response? In local terms, metabolic activity can influence cellular function; for instance, an activated T cell requires arginine to function; however, activated macrophages sequester this amino acid for their own functions and may therefore limit the local functionality of T cells. 68 In fact, metabolic variation within granuloma has been recently shown, where the eicosanoid pathway is bifurcated into proinflammatory metabolites in the caseous center and an anti-inflammatory signature towards the cellular periphery. 69 In systemic terms, the hypothalamic/ pituitary axis (HPA) regulates production of glucocorticoids, potent modulators of the proinflammatory response that are required to maintain LTBI and avoid progression to TB. While transcriptomic and metabolomic analyses of TB-affected lung tissue have provided mechanistic insights into local alteration of metabolic activity, it is critical that we develop a full understanding of the systemic impact of the specific physiological changes associated with TB on immunity.
The ability of glucocorticoids to limit proinflammatory immune responses has led to the use of synthetic glucocorticoids in the treatment of various inflammatory and autoimmune diseases. 70 This artificial use has highlighted the ability of glucocorticoids to impact progression to active TB disease as corticosteroid treatment is a key risk factor for the development of pulmonary TB 71, 72 and, in experimental animal models, dexamethasone is used to reactivate persistent Mtb bacteria. 73 By measuring natural glucocorticoid levels in TB patients, studies have shown that higher levels of cortisol or cortisol/ cortisone and cortisol/DHEA ratios are associated with active disease. [74] [75] [76] While these measurements suggest a role for glucocorticoids in disease, the relative levels of biologically active cortisol relative to inactive cortisone is determined within the affected tissue by 11β-hydroxysteroid dehydrogenase enzymes. Thus, measurements occurring systemically may not reflect causal connections or local actions. Epidemiological findings from different parts of the world also demonstrate that glucose intolerance in TB patients is increased relative to controls, while TB patients and Mtb-infected mice have elevated glucose levels 42, 77 and exhibit altered cholesterol, HDL, TG and free fatty acid levels relative to controls. [78] [79] [80] [81] These observations make glucose and lipid metabolism potential targets for the development of host directed therapy. Currently, biochemical pathways that link metabolism and pathology have been suggested by work at the cellular level, 82 but there is an ongoing need to holistically define the dysregulation of homeostatic pathways during TB.
The classical symptoms of TB reflect both a systemic immune response and metabolic disorder, where the role of the liver in mediating these symptoms is not fully defined. The liver and adipose tissue together control nutrient mobilization as well as carbohydrate and lipid metabolism in mammals. They respond to injury and infection at distant organs and modulate whole body homeostasis through various acute phase proteins and hormones, such as adiponectin and leptin. Many of these molecules are also observed at elevated or altered levels in the serum of TB patients. [83] [84] [85] In the mouse model, the absence of leptin or leptin receptor makes animals more susceptible to Mtb infection, which is associated with altered immune and metabolic parameters. 86, 87 At the cellular level, Mtb exploits the lipid metabolism of host macrophages for its own survival via regulators of cellular metabolism, such as peroxisome proliferator activated nuclear receptors (PPARs). 88, 89 TB patients and Mtb-infected animals have elevated levels of the natural ligands of the PPAR family, and Mtb-infected mice with ablated leptin signaling show increased expression of hepatic PPAR-γ, 86 further implicating the PPAR family in TB pathogenesis. Expression of PPAR-γ in the liver is important in glucose metabolism, as hepatic deletion of PPAR-γ results in better glucose clearance and lower serum level glucose. 90 While PPAR-γ is clearly implicated in TB, the specific role of individual PPAR-γ-expressing tissues in whole body homeostasis during TB remains undefined. The more defined these pathways are, the better we will be able to pharmacologically target specific effects without creating unwanted side effects. 91 Another class of molecules that are synthesized by the adrenal medulla via the HPA axis is catecholamines. Importantly, catecholamines are found at elevated levels in the biofluids of TB patients 42, 92, 93 and increase with the severity of disease; 93, 94 catecholamine levels in the lung are also associated with the microbiome of this organ. 95 The catecholamines dopamine, epinephrine and norepinephrine act as hormones, neurotransmitters and immunomodulators and their action is mediated through adrenergic receptors. 96 Macrophages, which are the critical niche for Mtb and form the major constituent of TB lesions in the lung and produce catecholamines, which regulate inflammation in this organ. 97 Catecholamines also directly act on T cells, 98,99 macrophages 100 and neutrophils, 101 and all of these cells are critical for the control of TB. 13, 102 We propose that catecholamine production among other metabolic markers can increase the risk for Mtbinfected individuals to develop TB disease. Dysregulation of catecholamines probably also plays a role in the metabolically related risk factors for TB, such as DM, malnutrition or stress. Therefore, activation of the HPA axis following the initial stress of Mtb infection, as well as subsequent stress-related events, may promote both establishment of bacterial colonization and subsequent development of active disease.
WINNING THE GAME BY BETTING SMALL In this brief overview, we highlight the need for a systematic approach to understand the subtle relationships that increase the odds of progression from latent to active TB on an individual basis. By integrating our understanding of immunity and the effects of chemotherapeutics on an infected patient with our growing appreciation of their complex relationships with their personal microbiomes, we hope to better predict which individuals are more likely to progress to active and transmissible disease. Such an appreciation may explain differences in experimental outcomes-both in animal and human studies-that are associated with the location where the experiments are performed as well as the physiological state of the host. While it is easy to suggest integration of immunological, physiological, microbiological and environmental data into our analysis of experimental outcomes, it is more difficult to state how best to do this. At a minimum, we must be aware that different experimental outcomes from apparently identical experiments in different laboratories may be a result of our inability to measure and control for unknown variables between locations. As we move forward in the development of more sophisticated interventions, such as host-directed therapy or post-exposure vaccination, we need to be sure to bring an element of precision medicine to our studies and treatment plans. 103 We must design our experiments such that they target the correct right pathway within the appropriate environmental context, be it the intracellular environment of the mycobacterial lesion, combined personal microbiomic environment or physical environment in which the patient lives. In our opinion, we currently lack sufficient understanding of the diversity and relative influence of signals or products derived from our various microbiomes that exert systemic effects. Further, we must gain an understanding of how these signals are integrated and the mechanisms by which they influence immunity. Finally, we must be able to link an individual's personal microbiota and larger environmental experience with their immune function. Once understood, we may be able to reinterpret some of these perplexing differences in experimental outcomes to appreciate that each reflects an accurate result within the context of better-defined differences in some critical environmental factor(s). We should work to change the metaphor from a gambler whose fortune depends on the unlikely combination of a lucky spin and high pay-out wager to one of who plays the game with the complete understanding of the odds and whose objective is to preserve his stake as long as possible.
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